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PROCEEDINGS  OF  THE  ANTIPROTON  TECHNOLOGY  WORKSHOP 


HELD  AT  BROOKHAVEN  NATIONAL  LABORATORY  10  MAY  1989 


EXECUTIVE  SUMMARY 


1 .  Background 

New,  more  efficient  technology  for  a  variety  of  scientific,  medical,  and  industrial  uses 
could  result  from  antiproton  experiments  proposed  by  a  workshop  of  government,  industry 
and  academic  researchers  at  Brookhaven  National  Laboratory,  Wednesday  10  May  1989. 
Antiprotons  are  particles  of  antimatter  which  release  highly  penetrating  radiation  when  they 
are  stopped  in  normal  matter.  According  to  presentations  at  the  Antiproton  Technology 
Workshop  this  radiation  can  be  used,  in  very  small  quantities,  to  image  objects  and  determine 
their  composition  and  density.  In  larger  amounts,  the  radiation  could  be  used  to  kill  cancer 
tumors  or  produce  highly  localized  heating  and  shock  waves.  The  Alternate  Gradient 
Synchrotron,  or  "AGS",  \ocated  at  Brookhaven  is  one  of  the  few  particle  accelerators  in  the 
world  capable  of  making  the  number  of  antiprotons  needed  to  perform  the  experiments. 

The  workshop  was  a  follow-on  to  the  Antiproton  Science  and  Technology  Workshops  held  at 
the  RAND  Corporation  in  Santa  Monica  through  October  1987  following  the  Air  Force  Project 
Forecast  II  initiative  in  Antiproton  Technology.  The  workshop  was  attended  by  about  50 
researchers  from  a  wide  variety  of  disciplines,  including  medicine,  particle  physics,  and  the 
aerospace  industry. 

2.  Workshop  Results 

Aerospace  uses  include  the  detection  of  physical  or  chemical  flaws  in  the  manufacture  of 
composite  materials,  with  implications  for  increased  aviation  safety  and  lighter,  less 
expensive  rockets. 

An  existing  market  of  about  $100  billion  a  year  in  medical  imaging  and  radiotherapy  has 
attracted  the  interest  of  private  investors.  Demonstrations  of  rapid,  low  radiation  imaging  of 
hard  tissues  and  killing  cancer  tumors  might  prove  the  viability  of  a  new,  privately  funded 
accelerator  to  provide  antiprotons  for  medical  and  industrial  uses. 
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Atomic  chemists  want  to  make  antihydrogen  to  see  if  it  obeys  the  same  physical  rules  as 
ordinary  hydrogen.  Antihydrogen  would  be  made  by  combining  antiprotons  with  the 
anti-electron,  or  positron,  the  first  form  of  antimatter  discovered  back  in  1935. 

Physical  scientists  are  interested  in  radiation  effects  and  small  but  intense  shock  waves 
that  could  be  produced  by  pulsed  antiproton  beams.  Protection  of  spacecraft  from  solar 
storms  and  meteor  impacts  are  among  many  uses  of  radiation  and  shock  data. 

Particle  physicists  are  interested  in  broken  symmetries  in  particle  reactions  which  one 
might  expect  to  have  identical  outcomes,  but  don’t.  Such  reactions  heip  tell  us  how  the 
universe  was  made  and  what  its  ultimate  destiny  might  be. 

Antiproton  Workshop  members  came  from  organizations  as  diverse  as  the  Lahey  Clinic  in 
Boston,  the  Astronautics  Laboratory  at  Edwards  Air  Force  Base,  General  Dynamics  Corporation 
in  Fort  Worth,  and  the  University  of  Illinois.  The  workshop  agenda  is  provided  as  table  1 . 
Workshop  attendance  is  provided  as  table  2. 

The  only  source  of  antiprotons  suitable  for  many  of  the  experiments  discussed  is  the 
European  accelerator  in  Switzerland,  which  has  long  waiting  lines  for  experimenters.  The 
researchers  generally  agreed  that  an  antiproton  source  in  the  United  States,  perhaps  based  on 
the  Brookhaven  AGS  accelerator,  Fermilab's  accelerator,  or  the  booster  ring  planned  for  the 
Superconducting  Supercollider  will  make  United  States  science  and  technology  significantly 
more  competitive  in  areas  discussed.  Significant  informational  activities  concerning 
antiproton  technology  continue  within  DOE.  Potential  user  interest  expressed  as  serious 
proposals  is  a  significant  determinant  of  DOE  support. 


‘The  workshop  was  jointly  sponsored  by  the  Astronautics  Laboratory  and  Brookhaven  National 
Laboratory  (DOE). 
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Table  1.  Antiproton  Technology  Working  Group  Final  Agenda 

~0830  Informal  discussions 

0900  Welcome  and  Administrative  Remarks  Or  S.  Baron,  BNL;  Mai  G.  Nordley,  AL 

0915  IMAGING  AND  ANALYSIS  -  T.  KALOGEROPOLOUS,  SYRACUSE 

0915  Stopping  Power  of  MeV  Proton  and  Antiproton  Beams  R.  A.  Lewis  The  Pennsylvania  State  U. 

0930  Recent  Simulation  Results  of  ASTER  Robert  Muratore  Syracuse  University 

0945  Pbar  Testing  of  Hydrogen  Effects  in  Sealed  Harris  Carter  Gen  Dynamics  Ft  Worth 

Carbon-Carbon  Composites 

1 000  Potential  for  Antiprotons  in  Radiation  Oncology  M.  Leibenhaut,  MD  Lahey  Clinic  Medical  Cen. 

1015  Prospects  for  a  Commercial  Antiproton  Source  Brian  Von  Herzen  Antimatter  Technology  Corp 

1030  Break 

1045  ANTIHYDROGEN  AND  CONDENSED  MATTER  PHYSICS  -  CHRIS  BRASIER,  U.  DAYTON  (AL) 

104 5  Prospects  tor  Exciting  Extreme  States  in  E.  D.  Minor  The  Pennsylvania  State  U 

Nuclear  Matter  with  Intense  Antiproton  Beams 

1100  Status  of  AL  Studies  Relating  to  Condensed  Antimatter  Gerald  Nordley  Astronautics  Lab  (AFSC) 

1115  Electromagnetic  Traps  for  Atomic  Antihydrogen  Isaac  Silvera  Harvard  University 

1130  Antihydrogen  Production  Arthur  Rich  University  of  Michigan 

1200  LUNCH:  BNL  CAFETERIA 

1215  Luncheon  Speech:  HQ  DoE  Antiproton  Activities  David  Goodwin  Dept  of  Energy 

1300  OPTION:  AGS  TOUR  OR  INFORMAL  DISCUSSIONS 

1400  ENERGY  DEPOSITION  AND  RELEASE  -  GERALD  SMITH.  PENN  STATE 

1400  Antiproton  Catalyzed  Fusion  T.  Kalogeropolous  Syracuse  University 

1415  Antiproton  Induced  Fusion  Reaction  W.  S.  Toothacker  The  Pennsylvania  State  U 

1430  Options  for  a  Laboratory  Microfusion  Facility  (LMF)  Bruno  Augenstein  The  RAND  Corporation 

1 445  Modeling  Antiproton  -  Plasma  Interactions  John  Callas  Jet  Propulsion  Laboratory 

1 500  Concepts  for  Experimental  Determination  of  Radiation 

Shielding  and  Metal  Clad  Pellet  Performance  Brice  Cassenti  UTRC  -  Hartford 

1515  Break 

1530  PARTICLE  PHYSICS  -  D.  C.  PEASLEE  UNIVERSITY  OF  MARYLAND 

1530  Introduction  to  CP  Violation  Studies  with  Pbars  D.  C.  Passion  University  of  Maryland 

1545  Test  of  CP  Non-conservation  in  Pbar-P  to  Sbar- S  A.  M.  Nathan  University  of  Illinois 

1 600  Studies  of  CP  Violation  with  Pure  Kq  Kobar  James  Miller  Boston  University 

Beams  from  Pbars 

1615  Search  for  CP  Violation  in  Pbar-P  to  JAV  Gerald  A.  Smith  The  Pennsylvania  State  U. 

1 630  Studies  of  Rare  Modes  of  Pbar-P  Annihilation  C.  B.  Dover  Brookhaven  N.L. 

1645  Antiproton  Production  Calculation  by  the 

Multistring  Model  VENUS  Computer  Code  H.  Takahashi  Brookhaven  N.  L 

1 700  Closing  Remarks  G.  Nordley  AL  (AFSC) 
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Note:  We  regret  that  copies  of  the  transparencies  used  in  Dr  Lewis'  excellent 
presentation  were  not  available  for  inclusion  in  the  proceedings. 
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Recent  Simulation 


Results  of  ASTER 

Robert  Muratore 

Department  of  Physics,  Syracuse  University 
201  Physics  Building,  Syracuse,  New  York  13244-1130  USA 

Abstract.  ASTER,  an  imaging  technique  proposed  several  years  ago,  is  now  ready 
to  be  built.  ASTER  uses  antiprotons  to  form  direct  three  dimensional  images 
of  the  target  density  profile.  Useful  images  can  be  obtained  with  less  than  one 
million  antiprotons,  well  within  current  production  levels.  ASTER  has  potential 
advantages  over  other  imaging  techniques,  including  flexibility,  speed,  lower  dose, 
and  less  ambiguity.  Simulations  show  that  the  scattering  of  antiprotons  by  target 
nuclei  reduces  the  correlation  of  image  and  target,  but  increasing  the  number  of 
antiprotons  used  by  less  than  an  order  of  magnitude  overcomes  this  effect. 

WHEN  COMPLICATED  TECHNOLOGY  is  used  in  medicine,  reassuring  names  are 
attached  to  the  machines  and  techniques.  One  speaks  of  CAT  scans,  PET,  and 
MRI  (nee  NMR).  Today  I  will  talk  about  an  imaging  technique  which  has  been 
discussed  before  at  these  meetings,  ASTER,  named  after  the  wildflower.  Since  I  am 
limited  to  about  ten  minutes,  I  will  keep  my  talk  simple.  Here  is  the  outline: 

I.  ASTER  is  ripe. 

It  is  my  contention  that  this  flower  has  formed  its  fruit,  and  that  not  only  is  this 
fruit  ripe  for  picking,  but  neither  is  it  spoiled,  as  some  have  suggested. 

A.  ASTER  uses  antiprotons  to  image  densities,  and  enough  antiprotons  are  cur¬ 
rently  produced. 

I  will  begin  by  reviewing  ASTER. l’2,3’4’5  ASTER  is  an  acronym  for  Antipro¬ 
tonic  STERiography.  In  the  ASTER  imaging  technique,  still  on  the  drawing  board, 
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a  beam  of  antiprotons  are  sent  into  a  target.  Collisions  with  electrons  slow  the 
antiprotons  down,  according  to  the  well  known  stopping  power 


dE  _  2  1 
dx  ~  Df>  A  02 


In  2m'c2/?2  fl* 


where  E  is  the  kinetic  energy  of  the  particle,  x  is  the  distance  traversed,  Z  is  the 
proton  number,  A  is  the  atomic  mass,  0  is  the  speed  relative  to  the  speed  of  light, 
I?  is  a  constant  approximately  equal  to  0.30707  MeV  cm2/g,  p  is  the  density,  me  is 
the  electron  mass,  and  /  is  an  empirical  function  of  Z  which  represents  the  average 
ionization  potential  of  all  electrons  in  an  atom.6 

The  important  features  are  the  inverse  square  relation  of  the  stopping  power 
and  the  speed,  which  results  in  the  Bragg  peak,  and  the  direct  dependence  on  the 
density. 

ASTER  (a  third  definition  here)  means  star  (as  in  *).  When  the  antiprotons 
have  come  to  rest,  they  annihilate  on  a  nucleon.  Outward  from  the  annihilation  site 
stream  various  particles.  In  a  bubble  chamber  photo,  this  event  looks  like  a  star 
(Fig.  1).  Among  the  particles  produced  are  charged  pions.  These  are  of  sufficient 
energy  to  exit  a  target  the  size  of  the  human  body,  and  of  sufficient  mass  to  be 
deflected  just  a  small  amount  before  emerging.  By  detecting  the  directions  of  these 
pions  and  tracing  their  paths  back  to  the  intersection  point  with  the  antiproton 
path,  the  annihilation  site  can  be  determined  precisely. 

In  this  way,  the  range  as  a  function  of  energy,  R(E),  can  be  determined  for  the 
target,  and  R(E)  can  be  mapped  to  p(R),  a  density  profile. 

Simulations  of  ASTER  imaging  confirm  the  estimates  of  the  number  of  an¬ 
tiprotons  needed  for  a  scan,  N: 


N 


volume 

AxAyAz 
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where  the  antiprotons  are  assumed  to  be  travelling  initially  in  the  i  direction,  Ax, 
Ay,  and  A z  are  the  step  sizes  with  which  the  beam  is  incremented  in  the  various 
directions,  oy  is  the  error  in  determining  the  vertex,  and  6p/p  is  the  contrast 
resolution.  To  image  a  slice  of  10  x  10  x  0.5  cm3  requires  2  x  10®  antiprotons,  for  1% 
contrast  resolution  and  1.5  mm  spatial  resolution  within  the  slice.  To  image  a  whole 


5 


organ  might  require  20  slices,  or  4  x  106  antiprotons,  well  within  current  production 
levels.  The  corresponding  dose  is  about  200  p Gy  =  0.02  rads.  Considering  the 
biological  effect  of  protons,  the  dose  is  about  a  tenth  of  the  natural  average  annual 
background  in  the  United  States.6 

B.  ASTER  has  advantages  over  other  imaging  techniques. 

ASTER  appears  to  be  lower  in  dose  for  comparable  images  than  x-ray  CT, 
as  shown  in  a  comparison  of  an  ASTER  simulation  (Fig.  2)  of  the  imaging  of  a 
Plexiglas  and  water  phantom  and  the  actual  x-ray  CT  image  of  the  same  phantom. 
The  phantom  is  an  8  cm  diameter  Plexiglas  disk  inside  a  10  cm  diameter  Plexiglas 
cylinder  filled  with  water.  In  the  3  mm  thick  disk  the  letter  E  is  engraved  to  a  depth 
of  1.5  mm.  In  the  simulation,  this  cylinder  was  immersed  in  a  rectangle  filled  with 
water.  An  x-ray  CT  scan  (Fig.  3)  was  made  of  the  cylinder  in  the  plane  containing 
the  engraved  disk.  The  dose  imparted  by  the  ASTER  simulation  was  100  p Gy,  over 
two  orders  of  magnitude  less  than  that  imparted  by  the  CT  scan,  approximately 
30  mGy. 

The  table  in  Fig.  4  gives  an  overview  of  ASTER  with  other  techniques.  No  one 
technique  seems  better  than  all  the  others  for  every  situation.  Similarly,  ASTER 
will  be  complementary  to  the  other  techniques.  Nonetheless,  ASTER  has  potential 
for  lower  dose,  higher  resolution,  faster  scans,  and  imaging  of  elements  as  well  as 
density.  Perhaps  most  importantly,  ASTER  avoids  the  uncertainties  introduced  by 
Mack-projection  techniques.  Finally,  ASTER  is  a  flexible  technique,  as  the  following 
d  scussion  shows. 

C.  The  scattering  of  antiprotons  does  not  spoil  the  image  quality. 

There  has  been  some  question  as  to  whether  the  scattering  of  the  antiprotons 
off  the  nuclei  will  irretrievably  lower  the  resolution  of  ASTER.  In  water,  the  antipro¬ 
ton  beam  spreads  out  with  a  width  of  oy  =  0.0195R0966.  There  is  a  well  defined 
centroid,  so  resolution  can  be  maintained  by  increasing  the  number  of  antiprotons 
used.  In  heterogeneous  media,  one  can  imagine  that  some  of  the  antiproton  paths 
will  sample  regions  of  different  density,  hopelessly  convoluting  the  relation  of  stop¬ 
ping  position  to  density  profile.  However,  this  is  not  the  case,  as  I  will  show  by 
considering  individual  antiproton  paths  in  water,  and  by  showing  successful  images 
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of  highly  heterogeous  targets. 

In  terms  of  individual  paths,  it  is  reasonable  that  transverse  scattering  will 
not  ruin  ASTER  images.  This  is  because  the  average  density  in  a  small  region 
is  obtained  from  the  difference  in  the  mean  stopping  positions  of  two  cohorts  of 
antiprotons  with  nearly  the  same  energy.  In  engineering  terms,  one  would  say  that 
one  is  looking  at  the  difference  between  two  integrals,  and  integration  suppresses 
the  noise. 

Fig.  5  shows  the  paths  of  many  antiprotons  in  water.  The  horizontal  (longi¬ 
tudinal)  and  vertical  (transverse)  scales  are  the  same,  and  the  three  dimensional 
paths  have  been  projected  onto  the  plane.  Next,  I  considered  only  the  antiprotons 
stopping  in  a  small  transverse  bin.  If  the  initial  energy  of  the  antiprotons  is  varied 
just  a  bit,  the  antiprotons  still  sample  the  same  region  in  space.  That  is,  a  group  of 
paths  stopping  about  R  tends  to  sample  the  same  portion  of  the  target  as  a  group 
of  paths  stopping  about  R  +  A R.  This  is  shown  in  Figs.  6,  7,  8,  and  9.  This  is  true 
even  though  I  have  included  the  finite  beam  width  in  the  Monte  Carlo. 

The  sampling  of  the  same  region  in  space  by  the  antiprotons  is  a  statistical 
phenomenon.  Therefore,  it  suggests  that  the  scattering  problem  can  be  overcome  by 
increasing  the  number  of  antiprotons,  a  method  already  required  by  the  straggling. 
To  test  this,  I  simulated  the  imaging  of  a  “random”  target,  which  was  the  most 
heterogeneous  thing  I  could  think  of.  ASTER  is  a  very  flexible  tool,  and  the  imaging 
can  be  oriented  to  best  advantage.  I  imaged  this  random  slice  longitudinally,  so  that 
each  antiproton  travelled  in  the  slice.  And  I  imaged  the  random  slice  transversal ly, 
so  that  the  antiprotons  travelled  through  a  centimeter  of  water  before  encountering 
the  slice  perpendicular  to  the  plane.  The  transverse  orientation  is  shown  in  Fig.  10, 
the  random  target  in  Fig.  11,  and  the  transverse  image  in  Fig.  12. 

The  heterogeneous  nature  of  this  target  convolutes  the  longitudinal  image  more 
than  the  transverse  image.  So  for  a  given  number  of  antiprotons,  the  transverse 
image  will  be  better. 

The  quality  of  the  image  can  be  shown  by  correlating  the  image  and  the  target. 
I  define  a  correlation  number  C~\  where 

°2  =  S  “  P*jk)2/n, 

;  * 
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Pijk  and  P2]k  are  the  densities  of  the  target  and  image  at  the  jkth  pixel,  and  n  is 
the  number  of  pixels  used  for  comparison.  The  correlation  increases  as  the  number 
of  antiprotons  increases  for  both  the  transverse  and  longitudinal  imaging  (Fig.  13). 
The  correlations  match  when  about  four  to  nine  times  as  many  antiprotons  are 
used  in  the  longitudinal  case  as  in  the  transverse  case.  So  increasing  the  number 
of  antiprotons  by  an  order  of  magnitude  will  overcome  severe  heterogenous  effects. 
After  this  increase  is  made,  ASTER  still  imparts  an  order  of  magnitude  less  dose 
than  x-ray  CT. 

If  the  decrease  in  correlation  is  due  to  the  heterogeneous  convolutions,  than 
the  effect  will  begin  to  show  up  in  the  transverse  case  as  the  slice  is  lowered  deeper 
into  the  water,  so  that  the  antiproton  beam  is  more  spread  out  when  it  reaches  the 
slice.  This  is  shown  in  Fig.  13  by  the  decrease  in  correlation  between  transverse 
image  and  target  as  the  depth  increases. 
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Dose  Hypoxic 

Oxygen  Enhancement  Ratio  =  bose  in  Oxygen 


x-rays  OER  =  2.5-3 
neutrons  OER  =1.6 
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Dose 

250 

Relative  Biological  Effect  =  Dose 

r 


RBE  varies  with:  1)  system  or  tumor  studied 
2)  amount  of  damage  in  that 
system 
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FIG.  6-11.  Variation  of  the  OER  and  the  RBE  as  a  function  of  the  LET  of  the  radia¬ 
tion  involved.  The  data  were  obtained  by  using  Tj  kidney  cells  of  human  origin, 
irradiated  with  various  naturally  occurring  or-particles  or  with  deuterons  accelerated 
in  the  Hammersmith  cyclotron.  Note  that  the  rapid  increase  of  RBE  and  the  rapid 
fall  of  OER  both  occur  at  about  the  same  LET,  namely  about  100  keV//x.  (Redrawn 
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Source:  Hall,  Eric  0.,  Radiobiology  for  the  Radiologist,  2nd,  ed..  Harper  &  Row,  Philadelphia,  pg.  109. 
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OEPTH  IN  UNIT  (DENSITY  TISSUE -CM 


Larsson  B:  Br  J  Radiol  34:143-151,  1961) 
Source:  Hall  ,  pg.  311. 


can  be  added  to  give  a  composite  curve  S,  which  results  in  a  uniform  dose  over 
2.8  cm.  The  broadening  of  the  peak  is  achieved  by  passing  the  beam  through  a 
rotating  wheel  with  sectors  of  varying  thickness.  (Redrawn  from  Koehler  AM, 
Preston  WM:  Radiology  104:191-195, 1972) 

Source:  Hall,  pq.  312. 


RELATIVE  OOSE 


DISTANCE  FROM  MIDLINE  (cm) 

FIG.  15—8.  Cross-section  of  the  dose  distribution  that  can  be  obtained  in  the  treat¬ 
ment  of  an  imaginary  carcinoma  of  the  cervix,  using  a  four-field  technique  with 
*°Co  y-rays,  11-MeV  x-rays  from  a  betatron,  and  160-MeV  protons  from  the  Har¬ 
vard  cyclotron.  (From  Koehler  AM,  Preston  WM:  Radiology  104:191-195,  1972) 

Source:  Hall,  pg.  313. 
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vival.  (By  courtesy  of  Dr.  J.D.  Chapman) 

Source:  Hall  ,  pq.  318. 
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Source: 


Gray,  L.  and  Kalogeropoulos,  T.E.,  "  Possible  Biomedical  Applications  of 
Antiproton  Beams:  Focused  Radiation  Transfer,"  Radiation  Research, 
1984:  97,  246-252. 
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TECHNOLOGY  CORPORATION 
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CHARGED  PARTICLE 
INPUT  /  OUTPUT 
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.  Introduce  molecular  hydrogen,  allowing  it  to  Interact  with  the  trapped  ions 
-  use  proven  electromagnetic  cooling  techniques  to  maintain  temperature 

•  Measure  size  and  radial  distribution  of  products  through  NMR  and/or  mass  spec 


PAYOFF/POTENTIAL  APPLICATIONS 
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Explore  measurement  techniques  in  ion  trap  environment 


ANTIHYDROGEN  ICE  STORAGE 
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Real  cross  sections 

Very  high  Vacuum  Material  Behavior 

Synergistic  effects 
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Formally  reviewed  publications 


ELECTROMAGNETIC  TRAPS 
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I  -  Introduction 
II  -  Method*  of  ft  Production 


A  -  Overview 
B  -  Specific  Method* 

Y  t.ei-  +  p  —  fl+hv  (]  line  imTirrirnilitinr  e+  beam) 
H  e*  +  $+nhi>~>ft  +  (n  +  l)hi'  (n  =  0,1,2  •••) 

iii  P*  +  P  -*  ft  +  *" 

to.  J+e*+e*— ft  +  e* 
m  -ft  -  Application* 

IV  -Coociusiont 


RALPH  CONTI  -  POSITRONIUM  (Ps)  l3Si  DECAY  RATE  (AT)  FINE  STRUCTURE  (n=2) 
TRANSITIONS  AND  CP  TEST;  ANTI-HYDROGEN  (!)  FORMATION 

WILLIAM  FRIEZE  -  e+  -  Ps  CONDENSED  MATTER  RESEARCH;  e+  IMAGING;  ! 

DAVID  GIDLEY  -  AT  (Gas  and  Vacuum);  e+  -  Ps  CONDENSED  MATTER 

AND  POLARIZED  e+  SURFACE  MAGNETISM  RESEARCH;  e+  IMAGING;  ! 

HENRY  GRIFFIN  (CHEMISTRY)  -  INTENSE  e+  SOURCE  DEVELOPMENT  (!) 

JEFFREY  NICO  -  AT  (Vacuum) 

MARK  SKALSEY  -  WEAK  INTERACTION  TESTS  via  PRECISION  BETA  DECAY 

POLARIZATION  MEASUREMENT,  INTENSE  e+  SOURCE  DEVELOPMENT 

TOM  STEIGER  -  INTENSE  e+  SOURCE  DEVELOPMENT  (!) 

JAMES  VAN  HOUSE  -  SEARCH  FOR  e.  HELICITY  IN  OPTICALLY  ACTIVE 

MOLECULES  USING  POLARIZED  e+  BEAMS;  e+  IMAGING;  H 

PAUL  ZITZEWITZ  -  AT  (Vacuum);  !;  OPTIMIZATION  OF  POLARIZED  e+  BEAMS 

UNIVERSITY  OF  MICHIGAN  -  THEORETICAL 

WILLIAM  FORD  ROBERT  LEWIS  YUKIO  TOMOZAWA 

GORDON  KANE  LEONARD  SANDER  EDWARD  YAO 

UNIV.  OF  TORONTO  PRINCETON  UNIV. 

DEREK  PAUL  FRANK  CALAPRICE 

WEAK  INTERACTIONS 

CERN-JaEm£LBEftG-DARMSTADT  WAKE  FOREST  UNIV.  OM  RESEARCH  LAB 

HELMUT  POTH,  et  al.  ROGER  HEGSTROM  WESTRUM  CAPEHART 

ANTI-HYDROGEN 


ORIGIN  OF  BIOLOGICAL  ACTIVITY  SURFACE  MAGNETISM 


H.AEFUCATIQNS 


1.  TCP  Tests 
Hyperfine  Structure 
Lamb  Shift 

Fine  Structure 

Electronic  Structure  (Rydberg)  and  mp  (inertial),  up 

2.  Production  of  Polarized  p 

i.  Transfer  of  Polarization  from  an  Initially  Polarized  e+  Beam  - 

e+(T)  +  j>-H(T)-«+(T)+j5(l) 

it  Optical  pumping,  Resonant  Ionization,  Lamb  Shift  Spin  Filter  - 
e++p-H;  H  +  nhv  — *  H(T)  — * p(T)  +  e+(T) 

3.  Astrophysics 

✓ 

H  +  H  — »  [pp  +  Ps;  p  +  p  +  Ps;  pp  +  e+  +  e“ ;  p  +  p  +  e+  +  e“] 
H  +  H-*H+H 

4.  H  -  Gravity  Interaction 

mp  (inertial) / mp  ( inertial )  -  [u/(H  -  hfs)/uj(H  -  hfs )] 
mp  gravitational  - 

5.  Atomic  Physics 

H  +  Matter  — »  p  +  e+  +  Matter  (stripping) 

H  4-  Matter  — ►  II  +  Matter  (elastic  and  inelastic  scattering) 

6.  H  -  Energy  storage 
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ft  Production  by  Radiadv*  Recombination  -  Projected  Rates  (1  pass) 


Assume  equal  area,  sou-relativistic,  p  and  e"*1  beams.  Then 

R(e4  +  £  -♦  ft  +  ku)  «  n(e'f)  ~  Pl>  Wp)» l) 

where:  n[t+)  *  e+/cms  in  (e+,  p)  overlap  region 

to  Cl  -  ,JA/a  / 


e*  S#**ce- 
X  e~->']A 


i»(e*/«)  (4xlO")x(lQ-*)  . , 

A( L  =  v  x  1  sec)  10"*  cm*  x  1010  cm 


L  =  <t/“>  /-dtfc 


.  GJWr- 

c  y  <ir— r 


)  at’  -* 

cr  -  Z°i  ~  3cr<  ~ 

<  ~  _ax  I0-»  cm*/. 

<  ^.>  6x  10”4 


M?) 


=  number  of  p  stored  in  LEAR  ss  10"  (C—&J-  *°  J 


i j  as  fraction  of  p  ring  overlapped  by  e+  beam  «  4m/80m  —  0.05 


R  ~  1  x  (3x  10"11)  x  (5  x  10*)  ~  10“*/s  ~  30hr‘/  (  ^  *  ) 
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5  Production  by  Radiative  Recombination 
Using  Recirculating  £  * 
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r  x  _ *  flr>  r  to  Cl  /&****&*»&  ***£ 


3*10-**  to " 

*3(«*  +?->S)«  ns(e*J 


o,eV  ns  H  .-&■$  t  -  lil10")  *i°7  ~  4  x  Vf  C~s* 
3  A{L  =®  I0*cm)  10“*  x  10* 


e*  -  accmmilated,  cooled,  poised  and  recirculated  (10  m  e+ 


XAR 
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ft  Production  by  Radiative  Recombination  ; 
Redrcnlatinf  e* and  Stimulated  Recombination 


3*i0ml2  frto1 


*J t*  +  f  -  ft)  *  rde^MWlJC  "  1»~  Z*3* 

T  5  Fm~J.  /-“<=• 

.  _  ««+/«)  (4xio»)xior»_Jv<<l.^o 

£*%£■«,  ?  A{L  =  I0»em)  10-*xl0* 

€*  -  accumulated,  cooled, poked  and  recircoUted  (10  mstorage  ring) 

t  (Ja**  teat*** 

\  j  pJUix  ) 

Xtjtufoort  ( ’P.JjiJst  C  W) 


IK' 

jry  G  =  Sti 

L 


recombiaaiioa  (ala  factor  («*  +  P+  h*  “*  ft  +  lk«<)  = 


a*  HUW/cm') 
2  (Ig/O.leV) 


If  A,tt»S21  tmjXcM  ■»>(!  -P)l  =  3M  am  for  oo  -.  2)  ^ 

then  C~  18  /  fcf  r~  ai  «v  41  7 

Commercial  20  MW/ca*  earner  laser  (250  Hs,  20  a*  pabe)  G  ~  10* 

Finally  -  -XJ-  Jf/lteP  {ifc*3  f “***-) 

T  r  «<_ 

A  (e*  +  ,_  ft)  m  (4 x  tO*) x  (Jx  10-**)x  (5x  10*)(G) ~ 6000 C/e 
5 

C  W- (co/co*  ~  *0  w)  aa> to , 

JZA  — Ju£cP 
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Poettron  recirculator 


a)  [circular  device! 


^injection 


E  xB  -12 

drcuefercnce:  15  e,  vacuum:  10  Torr 
•agnatic  field  200-600  G,  e+  energy:  20-100  keU 


b)  [linear  device 


\ _ _ / 

N -  .  q  Uolts 

electric  potential 
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1.  TCP  Tests 


Hyperfine  Structure  j  /»/  O  fOc^jU/^  JT/9-<>.3 

Lamb  Shift  s,  (r  J 

Fine  Structure  J 

Electronic  Structure  (Rydberg)  and  mp  (inertial),  up 

2.  Production  of  Polarized  p 

y 

t.  Transfer  of  Polarization  from  an  Initially  Polarized  e+  Beam  - 

e+(r)  +  p-H(t)-e+(t)  +  p(t) 

ii  Optical  pumping,  Resonant  Ionization,  Lamb  Shift  Spin  Filter  - 
e++p-.R;  H  +  n/.v-H(t}-p(T)  +  e+{T) 

3.  Astrophysics 

IT  +  H  — »  [pp  +  Ps;  p  +  p  +  Ps:  pp  +  e+4-e~;  p  +  p  +  e+  +  e~] 

H+H-H+H 


4.  II  -  Gravity  Interaction 

mp  (inertial) /mp  ( inertial )  -  [w(H  -  hfs)/u;( H  -  hfs)) 
mp  gravitational  - 

5.  Atomic  Physics 

H  +  Matter  — ♦  p  +  e+  +  Matter  (stripping) 

H  +  Matter  — »  H  +  Matter  (elastic  and  inelastic  scattering) 

6.  H  -  Energy  storage 
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aMcrri 


RJl£± 

lju/aAZ. 


M  e+  p 

_ ^  A 


(•/>) 

V*) 


S.  F***yA 

1  *  t  — : 

C*  f 

1*  4 

y(n)  = 


ft 

if 


e*  f 

if  1 1,  MU+tV 

w  C  /. r GH},  Tz  io~ \  N—toL(nj\ 

±  (  H  ~4  T )  *ii>u 

'f*  '~~z? — ■ — ■  i* p*°-3 

*  g  ^-u^prt.  p 

— »  f 

yfc 


VTso 


OT*W 


3. 


p(p)~  NIV-HW-  (J  _ 1.//^*;] 

yp/  M(t)+H(U  * — ^ - ? 
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Rate 


Polarised  p  -  Projected  Rates 


Rs(e+  +  P 


l%r 

fl)  -  (4  x  108)  x  (3  x  10"12)  x  (5  x  108)G  -  600  G/s 

_^5xl09)  -6000  G/s 

*7<JZce(?) 


Polarization 


1)  If  no  attempt  is  made  to  maximize  P(e+),  P(e+)  —  0.15 


2)  To  increase  P(e+)  use  Be  absorber  to  reduce  low  energy  e+  from 
beta  spectrum  (recall  Plo«*  =  (v)  /c) 

3)  Maximize  P2I  =»  P(e+)  =  0.5  but  ns  =  1.5  x  105  (2o6&(&) 

(/tootr/*) 

Result 

Rs(fl)  -  RS(P)  -  (2  x  107  -  2  x  108)  G/day  at  P(p)  -  *P(e+)  -  0.25 


\ 


in 


Polarised  p  -  Projected  Rates  and  Uses 


P  +  P 


P  +  P 


r+  +  t‘ 


K+  +  IC- 


ii  +  n 


1  [gr(tft»)  -  <rr(l#t»)  -  *r(tpl»)  +  ^T(itir) 
PpPp  Ur(t#ts)  +  *r(i*tr)  +  *r(t#W  +  ®r(i#W 


where  Pp  and  Pp  are  the  longitudinal  polarizations  of  the  antiproton  beam 
and  proton  target,  respectively,  and  the  <tt  are  the  measured  total  cross 
sections  with  the  sense  of  polarizations  indicated  by  the  arrows.  A  similar 
asymmetry  A±  could  be  measured  for  the  p  and  p  polarized  transversely  to 
the  incident  p  direction.  Each  asymmetry  could  be  measured  to  a  precision 


6{A) 


where  is  the  total  number  of  p  interacting  in  the  target.  If  the 

targct~thidcnc—  is  chosen  so  that  26%  of  the  incident  p  interact  in  the 
target  (a  sufficiently  small  fraction  to  avoid  degradation  of  the  asymmetry 
by  multiple  scattering  events)  and  given  Pp  -  0.25  and  Pp  ~  0.12,  (Pp  is  a 
typical  value  for  the  effective  proton  polarization  in  a  hydrocarbon  target 
with  70%  hydrogen  proton  polarization)  then  in  one  day  of  running  one  can 
attain 


HA)  -  ±- 


x  3  x  107  0.25  x  0.12 


±0.01 


*  «'*■  (  1-ftS-m  V/O.J 
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CONCLUSIONS 


I-  HISTORY  (e+) 

1932  -  72  HEROIC  PERIOD 

1972  -  83  R(tlow  e+)  ~  (104  -  104)/iec 

n(c+/cm3)  ~  1 

1985  -  R~10V* 

n  ~  l&/an 

n  -  FUTURE 

* 

INCREASE  IN  R,  n  * 

1)  IMPROVED  QUANTUM  ELECTRODYNAMICS  AND  SYMMETRY  TESTS. 

2)  e+  PLASMA 

3)  e+  IMAGING. 

4)  ANTI-HYDROGEN. 

*  _ »' 

5)  BOSE-EINSTHN  CONDENSATION  OF  POSITRONIUM. 
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HEADQUARTERS  DOE  ANTIPROTON  ACTIVITIES 


DAVE  GOODWIN 


OFFICE  OF  HIGH  ENERGY  AND  NUCLEAR  PHYSICS 
U.S.  DOE  ER-20.1/GTN 
WASHINGTON,  DC  20545 


PRESENTED  AT  THE  ANTIPROTON  TECHNOLOGY  WORKSHOP 
HELD  AT  BROOKHAVEN  NATIONAL  LABORATORY 
10  MAY  1989 
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EFFORTS  10  OBTAIN  RESOURCES  FROM  PROGRAM  OFFICES 
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SUPERCONDUCTING  SUPER  COLLIDER  (SSC)  STUDY 
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SUPERCOMPUTERS 
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FY90  SBIR 
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PROPOSAL  (continued) 
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ANTIPROTON  CATALYZED  FUSION 


T.  E.  KALOGEROPOLOUS 


DEPARTMENT  OF  PHYSICS 
SYRACUSE  UNIVERSITY 


PRESENTED  AT  THE  ANTIPROTON  TECHNOLOGY  WORKSHOP 
HELD  AT  BROOKHAVEN  NATIONAL  LABORATORY 
10  MAY  1989 
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Progress  in  storage,  extraction,  post-extraction  compression 


MODELING  ANTIPROTON  -  PLASMA 
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Antimatter  for  Spacecraft  Propulsion 
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JPL  PRELIMINARY  MODELING  RESULTS 


CONCEPTS  FOR  THE  EXPERIMENTAL 
DETERMINA  TION  OF  RADI  A  TION  SHIELDING 
AND  METAL  CLAD  PELLET  PERFORMANCE 
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Thickness,  radiation  lengths 
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Run  Date  '/s’  J  L  dt  Events  Mass 

(MeV/c:)  (nb-1)  (MeV/c1) 


1 

11  May  1983 

3096.7-3101.0 

10.0 

16 

3097.05  IS:!? 

2 

19  July  1983 

3093.8-3097.5 

8.0 

13 

3097.35  ioifo 

3 

26  July  1983 

3096.4-3097.6 

18.0 

14 

3095.69ig;i| 
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34 

3096.66  lo'.i* 

3 
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81 

3096.79  :S:  It 
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20.0 
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Fig,  2.  Analogy  between  AA  decays  and  traditional  EPR  i(iW 
experiments. 
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Table  4.1  The  Particle  Yield  For  Proton-Proton  Collision  (1) 


Number  of  Hits: 

Lab  Energy  of  Projectile  (GeV.) 

15000 

200 

15000 

1000 

P 

4.53  (5.4)* 

11.5  (16.2)* 

n 

4.39 

11.2 

P 

128.7 

132.3 

n 

62.3 

67.7 

v- 

262.4 

399.2 

v+ 

325.1 

461.7 

y 

735.8 

1052.5 

k- 

15.1 

28.4 

k+ 

24.4 

41.4 

Z+ 

4.39 

6.08 

Z- 

0.37 

1.36 

A- 

2.0 

6.3 

A-r 

14.1 

22.3 

e- 

4 . 4 

«  .  0 

e+ 

4.4 

6.0 

*  (  )  is  calculated  by  Hojovat  and  Van  Ginneken's  empirical 

formula. 


Table  4.2  The  Particle  Yield  For  Proton-Pb  Collision  (%) 


Number  of  Hits: 

Lab  Energy  of  Proton  (GeV.) 

5822 

200 

5773 

1000 

P 

7.07(9.0)* 

21.38  (29.0) 

n 

6.93 

22.37 

P 

213.59 

227.94 

n 

218.83 

226.64 

jr- 

751.96 

1154.70 

*•+ 

765.16 

1168.16 

7 

1998.35 

2921.7 

27.75 

65.70 

*  + 

49.51 

89.51 

Z+ 

28.37 

45.27 

f- 

3.48 

9.41 

z- 

6.10 

9.41 

E+ 

0.66 

2.66 

A- 

0.64 

3.02 

A+ 

5.54 

9.39 

e- 

11.33 

16.45 

e+ 

11.33 

16.45 

*  (  )  is  calculated  by  Hojovat  &  Van  Ginneken's  empirical  formula. 
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Figure  3.3 


Table  4.3  The  Particle  Yield  For  Si-Si  (%) 


Number  of  Hits: 

Lab  Energy  of  Projectile 

9831 

(GeV./A)  200 

9858 

1000 

P 

26.88  (82.5)* 

79.86 

(260.5) * 

n 

27.41  (81.7) 

79.20 

(258.4) 

P 

680.24 

710.38 

(2238.7) 

n 

634.46 

706.08 

(2229.6) 

T— 

2931.60 

4353.5 

(15226.2) 

2935.06 

4358.07 

(15200.8) 

*  (  )s  are  at  central  collision  (b=0) 


Table  4.4  The  Particle  Yield  For  O-Pb  Collision  (\) 


Humber  of  Hits: 

tab  Energy  off  Projectile 

7000 

(GeV./A)  200 

876 

1000 

P 

40.04  (78.6)* 

124.77 

n 

37.84  (77.8) 

122.14 

P 

153.5  (316.3) 

1181.73 

n 

1235.35  (348.1) 

1234.24 

r— 

5298.5  (15216.2) 

7899.2 

*•+- 

5421.3  (14835.1) 

7756.39 

*  C  Js  are  at  central,  collision  (  fcp=<l).  . 
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MwUiftc  F. 


Modification  of  Venus  Code 

•  important  Saspling  Method 
'Russian  Roulett , 

Careful  Choice  of  Paraneter  is  required 
TWo  Calculations  of  Collision  Events 


*  Creation  of  the  string 

*  The  fragmentation  of  Strings 
•*  Convolution  of  two  functions 


Mbs  Sophisticated  model 

»  Pirns  Tube  nodal 
-  Qaok  Gluon  Plasaa  Pomation 

DfHnsfes  of  Plasaa  expansion  and  Madronisation 
Heins  at  al  Theory 

*  Ppipw iris  t  Ion  model  using  string  model. 

#  C-  Cm  (l.l  Gt*v/A)  f /tC  * ttth’0’  jim 

9$  r. -nut  It  ns  tmll'ti*' u. 

* 


237 


